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ABSTRACT 

O n e - d i m e n s i o n a l ,  u n s t e a d y  flow t h e o r y  of an i dea l  
gas  is r e v i e w e d  as it app l i e s  to guns  and b a l l i s t i c  m o d e l  
l a u n c h e r s .  The  m e t h o d  of c h a r a c t e r i s t i c s  is  d e v e l o p e d  
fo r  the  g e n e r a l  c a s e  inc lud ing  c h a m b r a g e  and f in i te  
c h a m b e r  v o l u m e .  R e s u l t s  fo r  h e l i u m  as a p r o p e l l a n t  
a r e  g iven  f r o m  which  the  r e q u i r e d  c h a m b e r  s i z e  can  be  
d e t e r m i n e d .  The  l a u n c h  v e l o c i t y  fo r  c o m b i n a t i o n s  of 
l a u n c h  tube  and c h a m b e r  g e o m e t r i e s  is c o m p u t e d  a s s u m -  
ing no f r i c t i o n  n o r  hea t  l o s s  and an e v a c u a t e d  b o r e .  
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INTRODUCTION 

The l i g h t - g a s  gun type of b a l l i s t i c  model  l a u n c h e r  has made  it pos -  
s ib le  to s imu la t e  f l ight  env i ronmen t  at v e r y  high speeds  m o r e  c lo se ly  
than by any o the r  ground e x p e r i m e n t a l  fac i l i ty .  A l ight  gas (hydrogen 
o r  hel ium) is  n e c e s s a r y  as a p rope l l an t  because  the a s s o c i a t e d  high 
acous t ic  speed  al lows the c h a m b e r  p r e s s u r e  to be t r a n s m i t t e d  to the  
p r o j e c t i l e  base  with l e s s e r  d e c r e a s e  at high speeds  than  when a h e a v i e r  

p rope l l an t  is used.  

The h ighes t  ve loc i t i e s  have been achieved with l a u n c h e r s  in which 
the p rope l l an t  l ight  gas is  r a i s e d  to a f inal  high ene rgy  s ta te  by com-  
p r e s s i o n  with a f ree  pis ton.  Ve loc i t i e s  in the r ange  between 25,000 and 
30, 000 f t / s e c  a r e  r e g u l a r l y  obtained us ing l ight  p r o j e c t i l e s .  

One of the impor tan t  a spec t s  of the des ign  of l a u n c h e r s  is the  effect  
of g e o m e t r i c a l  v a r i a b l e s  of the conf igura t ion  on t h e  p e r f o r m a n c e .  The 
launch tube length,  c h a m b e r  length,  and c h a m b r a g e  ( chamber  c r o s s -  
sec t ion  to launch tube c r o s s - s e c t i o n  a r e a  ra t io)  a r e  the e s s e n t i a l  d imen-  
s ions .  The ca lcu la t ion  of the uns teady  flow in one d imens ion  by the 
method of c h a r a c t e r i s t i c s  appea red  to be the mos t  p r a c t i c a b l e  approach  
to the p rob lem.  R e f e r e n c e  1 p rov ides  a g e n e r a l  background  for  the  
a n a l y s i s ,  and Seigal  (Ref. 2) t r e a t s  the  effect  of c h a m b r a g ?  for  in f in i t e ly  
long c h a m b e r s .  The effect  of f ini te  c h a m b e r  length  is c o n s i d e r e d  by 
Heybey  (Ref. 3) for a launch tube the s a m e  d i a m e t e r  as the c h a m b e r .  
Ca lcu la t ions  for r a t i o s  of spec i f i c  hea t s ,  7, of 1.25 and 1.4 a r e  shown 
in Ref. 2, and the method of calculatioi~ is g iven in Ref. 3. It was con-  
s i d e r e d  mos t  d e s i r a b l e  to make  t h e  c h a r a c t e r i s t i c s  ca lcu la t ions  for  f ini te  
c h a m b e r  volume,  chambrage ,  and 7 = 1.55 co r r e spond ing  to he l ium in 
o r d e r  to have useful  r e s u l t s  for l i g h t - g a s  l a u n c h e r s  that  can be v e r i f i e d  
e x p e r i m e n t a l l y .  In a two- s t age  conf igura t ion ,  the volume a f t e r  c o m p r e s -  
s ion  is  l i ke ly  to become v e r y  sma l l ,  and it v a r i e s  widely  with ope ra t ing  
condi t ions .  It is t h e r e f o r e  obvious tha t  the c o m p r e s s i o n  tube mus t  be 
p r o p e r l y  ma t ched  to the launch  tube to obtain the  op t imum p e r f o r m a n c e  
of the s y s t e m .  The gene ra l  c h a r a c t e r i s t i c s  so lu t ions  provide  the in fo r -  
mat ion  r e q u i r e d  for  f inding the m i n i m u m  c h a m b e r  for  a fixed launch tube.  

The c h a r a c t e r i s t i c s  r e s u l t s  provide  a s t a r t i n g  point for  e s t i m a t i n g  
the  effect  of hea t  l o s s e s  f rom the p rope l l an t .  Since the method is a s t e p -  
by-s tep  p r o c e s s ,  it l ends  i t s e l f  r e a d i l y  to the  in t roduc t ion  of p r o j e c t i l e  
f r ic t ion ,  r e a l  gas p r o p e r t i e s ,  and r e l a x a t i o n  t i m e s .  

Manusc r ip t  r e l e a s e d  by author  F e b r u a r y  1961. 
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UHSTEADY, ISENTROPIC PROCESSES IN ONE-DIMEHSIOHAL FLOW 

GENERAL RELATIONS 

The  c o n c e p t  of o n e - d i m e n s i o n a l  f low t r e a t e d  h e r e  c o r r e s p o n d s  to  t he  
m o t i o n  of a gas  in a c o n s t a n t  a r e a  tube  in wh ich  the  p r o p e r t i e s  a r e  u n i f o r m  
a c r o s s  any s e c t i o n .  No hea t  is  t r a n s f e r r e d  a c r o s s  t he  tube wa l l s ,  and 
v i s c o s i t y  is  n e g l e c t e d .  

B a s i c  e q u a t i o n s  fo r  o n e - d i m e n s i o n a l  f low of an idea l  gas  a r e :  

a_.pp a (pu) 
C o n s e r v a t i o n  of M a s s :  at + ~ = O 

C o n s e r v a t i o n  of M o m e n t u m :  a(pu) a(p..') 
a~--- + - as 

a P  
+ - ~ s  = 0 

I s e n t r o p i c  F low:  a___ss + u as 
at -~s =,0 

T h e  l a s t  cond i t ion ,  
s t a t e ,  
t i e s :  

wi th  i n i t i a l l y  u n i f o r m  c o n d i t i o n s  and the  equa t ion  of 
i m p l i e s  the  fo l lowing  i s e n t r o p i c  r e l a t i o n s  b e t w e e n  the  gas  p r o p e r -  

(y-z) (r-~)  

T h e  s p e e d  of sound  is found to  be 

a ' =  d P  P_E_ 
d----p = y  p 

and can  be e x p r e s s e d  as  

a " T . t / 2  
- - 

R e w r i t i n g  the  con t inu i ty  e q u a t i o n  

Pt + p u s  + UPs  --" 0 

o r  by i n t r o d u c i n g  the  a c o u s t i c  speed ,  

Pt  + u p s  + P aa us = 0 

which ,  by add ing  and s u b t r a c t i n g  f r o m  the  m o m e n t u m  equa t ion :  

p u t  + p u u s  + P s  = 0 

y i e l d s  two e q u a t i o n s  fo r  uns t eady ,  i s e n t r o p i c ,  o n e - d i m e n s i o n a l  flow: 

Pt  + (u  + a )13s  + p a  [ u t  + (u  + a )  u s ]  = 0 

and 
P t  + (u - a ) P s  - p a [ u t  + (n  - a ) u s ]  ~ 0 

10 
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T h e s e  r e l a t i o n s  a r e  m o s t  c l e a r l y  u n d e r s t o o d  by  c o n s i d e r i n g  t h e  " w a v e  
p l a n e "  o r  s ' t p l a n e .  B y  d e f i n i n g  t w o  d i r e c t i o n s  in  t h i s  p l a n e :  

and 

ds t 
~t = u + a  

d-~t) = u -a 

the flow properties along these lines are related by 

dP = - padu 
a n d  

dP = + p a du 

Integration of these with the aid of the isentropic relations provides the 

following: 

( - ~ 2  1)  u + a = const, c o r r e s p o n d s  to  d .  
d- - - -~  = u + a 

a n d  

(-~) u a const, corresponds to ds - -  == - -  ----- U - -  a 
d t  

,,, 

The two directions, u + a and u - a, on the s-t plane are evidently the 

paths of sound waves traveling respectively downstream and upstream 

through a tube in which the flow velocity is u. The lines having slopes 

u + a and u - a are termed downstream and upstream characteristics. 

If the velocity u and speed of sound a are known at a point on a charac- 

teristic, then the relationship between u and a is known at all points 

along it. 

APPLICATION TO PISTON MOTION 

I t  i s  i n s t r u c t i v e  to  f i nd  t h e  m o t i o n  of  a f r i c t i o n l e s s  p i s t o n  in  an  i n -  
f i n i t e  t u b e  of  c r o s s  s e c t i o n  A h a v i n g  t h e  i n i t i a l  c o n d i t i o n s :  (1) t h e  p i s t o n  
o f  m a s s  m is  a t  r e s t ;  (2) t h e  a c o u s t i c  s p e e d  b e h i n d  t h e  p i s t o n  is  a ; a n d  
(3) t h e  t u b e  i s  e v a c u a t e d  a h e a d  o f  t h e  p i s t o n .  

T h e  s - t  p l a n e  a p p e a r s  a s :  

• ,- C _ 4  C _ 5  

d ,  
~ =  "a '  C 

C 4 P i s t o n  

U n d i s t u r b e d  

U = O m  a - - a  C 

L a u n c h  T u b e  

0 s 

P a t h  

II 
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An unsteady flow region develops behind the piston bounded by a sound. 
wave and the piston path. In this region the downstream character- 
istics, C +, connect the undisturbed region with the piston and have the 
property 

y-I 
2 U ÷ a == aC 

I t  i s  ev iden t  t h a t  the  f i r s t  u p s t r e a m  c h a r a c t e r i s t i c ,  C-1, i s  l i n e a r ,  
s i n c e  a long  i t  u = 0 and a = ac and ds/dt = - a c .  By  c o n s i d e r i n g  t h e  p i s t o n  
m o t i o n  to c o n s i s t  of  s t r a i g h t  s e g m e n t s  hav ing  d i s c o n t i n u o u s  c h a n g e s  in 
s l ope ,  i t  c an  be s e e n  t ha t  an  u p s t r e a m  c h a r a c t e r i s t i c  fan is  g e n e r a t e d  by 
r a y s  s t a r t i n g  at  e a c h  d i s c o n t i n u i t y .  T h e  l e f t - h a n d  edge  of t h i s  fan  is  a 
s t r a i g h t  l i n e  by  the  s a m e  r e a s o n i n g  as  above  - -  i t  bounds  a r e g i o n  of con -  
s t a n t  v e l o c i t y  and sound  s p e e d .  In  the  l i m i t  of an i n f i n i t e s i m a l  s l o p e  
change ,  t he  fan r e d u c e s  to a s i n g l e  c h a r a c t e r i s t i c  l i ne  wh ich  i s  s t r a i g h t .  
T h u s ,  the  s i m p l e  wave  r e g i o n  beh ind  the  p i s t o n  i s  c h a r a c t e r i z e d  by 
s t r a i g h t  d i v e r g i n g  c h a r a c t e r i s t i c s ,  C_ ,  h a v i n g  the  s l o p e  

d s  = Up - a p  = -- a c  + - X - = - L  Up 
d t  2 

T h e  d o w n s t r e a m  c h a r a c t e r i s t i c s ,  C+, on the  o t h e r  hand ,  a r e  c u r v e d  and 
h a v e  the  s l o p e  

d s  I ~ : _ ~ )  
d t = Up + a p  = a c + Up 

at  t h e i r  i n t e r s e c t i o n s  wi th  the  s t r a i g h t  c h a r a c t e r i s t i c s .  

The  above  i s  the  m o d e l  of an  i d e a l i z e d  gun h a v i n g  an  e f f e c t i v e l y  i n f i n i t e  
c h a m b e r  wi th  t h e  s a m e  b o r e  as  the  b a r r e l .  The  a c c e l e r a t i o n  of the  p i s t o n  
i s  

PA =Up = - - - ~  

Then ,  s i n c e  t he  c h a r a c t e r i s t i c s  t h a t  a r r i v e  at the  r e a r  of t he  p i s t o n  a r e  
c o n n e c t e d  to a s t a t e  of known p r o p e r t i e s  i n d i c a t e d  by the  s u b s c r i p t  (c), t he  
fo l lowing  r e l a t i o n  ho lds :  

( Y - - - ~ )  U p +  a p  = a c 

and  t h r o u g h  the  i s e n t r o p i c  r e l a t i o n s h i p  

2y 2y 

; c /u,t 
( . , ,  = _ , .  Pc .~_) y-x 

t he  a c c e l e r a t i o n  b e c o m e s  

Up 

2y 
= ~  - u p  y - I  

d s  m a c 

12 
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w h i c h  c a n  b e . . i n t e g r a t e d  to y i e l d  the v e l o c i t y  d i s t a n c e  func t ion :  

' 2y 

E s = "P up dup 
m a 

It i s  u s u a l  to e x p r e s s  t h i s  in the  d i m e n s i o n l e s s  f o r m ,  
up ~Y 

- z o 
m a c  2 a C a Re 

w h i c h . c a n  be  i n t e g r a t e d  (Ref .  5) to y i e l d  

I I 

S --  

( 2 1 y - z  
y Y z  ( 2 ~,1 

y - 1  y+z 

y - z  ~z~ ) y - x  1 2 

+ ~ Y - 1  1 y + l  

w h e r e  
_ P e A s  

m a p  2 

a n d  

~p = up 
a c 

Simi lar ly . ,  l e t t i n g  
I - 

£ ~P d ~p 
= 2y ,]"= 

T = PcA t 
m a  C 

y + z  
y + x  y + l  

T h e s e  g e n e r a l  r e l a t i o n s  a r e  s h o w n  in F i g .  2. 

When  the  l a u n c h  t u b e  i s  i n f i n i t e l y  l o n g  or  w h e n  the p r o j e c t i l e  w e i g h t  
2 

a p p r o a c h e s  z e r o  ( c o n t a c t  d i s c o n t i n u i t y ) ,  the  v e l o c i t y  b e c o m e s  y _ z 

T h e  v e l o c i t y  of  the u n c h a m b e r e d  gun h a v i n g  an  i n f i n i t e l y  l o n g  c h a m b e r  
) 

p r o v i d e s  a c o n v e n i e n t  r e f e r e n c e  p e r f o r m a n c e  for  c o m p a r i s o n  w i t h  m o r e  
r e a l i s t i c  m o d e l s  to be d i s c u s s e d .  

T h e  e f f e c t  of  c h a m b r a g e  i s  d i s c u s s e d  in d e t a i l  in  a l a t e r  s e c t i o n ;  
h o w e v e r ,  a s  a f i r s t  a p p r o x i m a t i o n  to the  e f f e c t  of c h a m b r a g e ,  s e v e r a l  

13 
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a u t h o r s  (Ref.  4) c o n s i d e r  the c h a m b e r  to be  an in f in i t e  r e s e r v o i r  f r o m  
w h i c h  c r i t i c a l  f low is e s t a b l i s h e d  i m m e d i a t e l y  upon p r o j e c t i l e  m o t i o n .  
T h e  e n e r g y  e q u a t i o n g i v e s  f o r  the  ex i t  f low: 

a== .,. ( . _ ~ ) u = = =  ac = A, 
A= 

and  s inc e 
l l2  == a = 

u= = J 2 y +  1 ac 

from which the downstream characteristic value is given by: 

. +  . =  . o  

o r  in a n o n - d i m e n s i o n a l  f o r m :  

so tha t  

2 ~P 

and 'y 
PI! = +1 ~ r - ~  2 (See Fig .  

Obviously, this pressure can never be greater than i. 0 and the actual 
pressure is approximately as shown by the dashed curve in Fig. 1. A 
reasonably good approximation to the velocity is obtained by assuming 
that the exit pressure given l~y the steady energy equation acts on the 
projectile base up to the point where the exit flow is sonic. 

1) 

SHOCK COMPRESSION AHEAD OF A PISTON AND FORWARD FACE PRESSURE 

PISTON FORWARD FACE PRESSURE 

F r e e  p i s t o n  a p p l i c a t i o n s  of the  gun  p r i n c i p l e  u t i l i z e  a c o m p r e s s i o n  
tube  tha t  is  c h a r g e d  wi th  an i n i t i a l  p r e s s u r e  (P,). The  f o r w a r d  f a c e p r e s -  
s u r e  on the  p i s t o n  (PF) is d e r i v e d  in a q u a s i - s t e a d y  m a n n e r  a s s u m i n g  it 
is  the  p r e s s u r e  b e h i n d  a s t e a d y  n o r m a l  shock .  T h e  p r e s s u r e  r a t i o  a c r o s s  
the  s h o c k  is  g i v e n  in t e r m s  of p i s t o n  v e l o c i t y  (Ref.  1): 

p, 1 + up_ y+l up + 4 + y+1 PF 
ax 2 a I 2 ax P--~- 

14 
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R e f e r r i n g  the  p r e s s u r e s  and v e l o c i t i e s  to c h a m b e r  c o n d i t i o n s  Pc and  ac : 

Yl 
Px ax 

~ =  Up 
8. ( :  

m 
8. m a 

a c 

p _  P 
Pc 

F i g u r e  3 shows f o r w a r d  face p r e s s u r e  as i t  va r i es  w i th  p is ton  v e l o c i t y  
f o r  a range of acoust ic  speed ra t ios ,  ~,. 

The  p i s t o n  s p e e d  m a y  be  c o m p u t e d  f r o m :  
m 

- f o  u ~ d~ s = PR - P F  

f o r  v a r i o u s  P, and the  a p p r o p r i a t e  re ,  y,, and  g, . 

SHOCK COMPRESSION IN A PUMP TUBE 

When gas  is d r i v e n  a h e a d  of a r e l a t i v e l y  f a s t  m o v i n g  p i s ton ,  a s h o c k  
wave'  r u n s  a h e a d  of it. The  p r e s s u r e  r a t i o  a c r o s s  th i s  wave is r e l a t e d  
to the  p i s t o n  v e l o c i t y  by: 

( _~= = 2 
ax/ yx (y=+ l )  

2 ,) 
P= Yl- 1 

+ 
Px YL + 1 

The  d e n s i t y  and t e m p e r a t u r e  r a t i o s  a r e  g iven  by: 

P= YL - 1 
~_L = PI  y x +  1 

•/YL - 1 ~ Pa 
Px 1 ~'~Y: + l )  Px 

and = P= 

Ox 

T h e s e  func t ions  a r e  shown in Fig .  4 fo r  r = 1.66 

If the  end  of the  p i s t o n  tube is  c l o sed ,  the  s h o c k  wi l l  r e f l e c t  l e a v i n g  
a s t a t e  (3) of h igh  p r e s s u r e  and  t e m p e r a t u r e  and  z e r o  v e l o c i t y  r e l a t i v e  
to the  tube.  T h i s  r e f l e c t e d  s h o c k  wi l l  t hen  r e f l e c t  aga in  f r o m  the  p i s t o n  
face  wh ich  is  a s s u m e d  to be  t r a v e l i n g  at i ts  o r i g i n a l  speed ,  r e s u l t i n g  in 

15 
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the  condi t ions  (4) (Fig .  5). If the p i s ton  is in f in i t e ly  m a s s i v e ,  shocks  
wil l  cont inue to be r e f l e c t e d  f rom the p i s ton  and end of the c o m p r e s s i o n  
tube.  These  shocks  have in common the ve loc i ty  change a c r o s s  the 
shock  equal  to the  p i s ton  speed,  Up. However ,  s ince  the sonic  speed  
ahead  of each shock  is con t inuous ly  i n c r e a s i n g ,  the shock Mach n u m b e r  
b ecomes  p r o g r e s s i v e l y  s m a l l e r .  The shock  c o m p r e s s i o n  app roaches  an 
i s e n t r o p i c  p r o c e s s ,  and the d i f f e rence  be tween shock and i s e n t r o p i c  com-  
p r e s s i o n  a f t e r  the f i r s t  t h r e e  shock  t r a n s i t s  is  s m a l l .  F i g u r e  6a shows 
th i s  in the c o m p a r i s o n  of the p r e s s u r e - t e m p e r a t u r e  r e l a t i on  for  s ix  
shock  t r a n s i t s  c o m p a r e d  to t h r e e  t r a n s i t s  followed by an i s e n t r o p i c  com-  
p r e s s i o n  to the s a m e  p r e s s u r e .  This  l eads  to the conclus ion  that  if  the 
f inal  p r e s s u r e  in th i s  type of c o m p r e s s i o n  tube can be d e t e r m i n e d  
( e m p i r i c a l l y  o r  o the rwise ) ,  the f inal  s t a t e  of c o m p r e s s e d  gas will  be 
known. P r a c t i c a l l y ,  the  f inal  t e m p e r a t u r e  m a y  then be r e l a t e d  to tha t  
fo r  i s e n t r o p i c  c o m p r e s s i o n  by: 

y - - 1  

Tf ~ T4 TL 
T i s e n  y - 1 y " 1 T, y - -  1 

( see  Fig .  6b) 

This  s y s t e m  of hea t ing  of a gas  has  appl ica t ion  to l a u n c h e r  s y s t e m s  of 
the  t w o - s t a g e  f r ee  p i s ton  type .  

EFFECT OF CHAMBRAGE 

C h a m b r a g e  wil l  be defined as  the  r a t io  of c h a m b e r  to launch tube 
c r o s s - s e c t i o n  a r e a s .  The t r a n s i t i o n  is  a s s u m e d  to be v e r y  shor t ,  and 
with i n c r e a s i n g  t i m e  the flow wil l  app roach  sonic  ve loc i ty  at the exit .  
Fo l lowing  Seigal  (Ref. 2) the a s s u m p t i o n s  below a r e  made .  

1. Flow in the  c h a m b e r  is uns teady  i s e n t r o p i c .  

2. Q u a s i - s t e a d y  c o n s e r v a t i o n  equat ions  apply th rough  the t r a n s i t i o n .  

3. The c h a r a c t e r i s t i c s  o r i g i n a t e  f r o m  a r e s t  s t a t e  defined by the 
acous t i c  ve loc i ty ,  ach, at the end of the  c h a m b e r .  

? 

C h a m b e r  Launch Tube 

16 
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Then,  the  fol lowing equat ions  apply:  

Uns teady ,  o n e - d i m e n s i o n a l  flow in c h a m b e r  - -  

Continuity through the transition -- 

2 

. 

uT--  .'~,J ~ : ~ ' ~ , "  

E n e r g y  equat ion th rough  the t r a n s i t i o n  - -  

u'~ + (y--~-T)a,' = u,' + (r--~)a,' 

The above reduce to the following relations between the quantities, u,, a,, 

ua, a n d  a~: 

a I 
1 +  . . . . .  ~ -] [Ikl' ,i 

J 

2 

_,= (~) c~ ~- 
u 2 \ ax / 

and 
u_, ) 
ach ach 

The relations between characteristic values, (Y-~) u _+ a, and 
characteristic slopes, u _+ a, across the transition section ~ and ~) 
can be determined. The generality of the relationships is increased by 
dividing all the velocities by ach and further normalizing with the initial 
undisturbed acoustic velocity, ac, ( ach = a~ until the first upstream char- 
acteristic arrives at the end of the chamber). For use in characteristics 

calculations the following functions are most useful: 

w h e r e  

U p s t r e a m  c h a r a c t e r i s t i c s  f rom c h a m b e r  exit  into c h a m b e r  

= ~---- and ~ch -- ac-----h--h 
a c a c 

17 
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D o w n s t r e a m  c h a r a c t e r i s t i c s  f r o m  c h a m b e r  ex i t  into l a u n c h  tube  

( ~ )  ~, ~, ( ~ ) ÷  ( ~ )  

T h e  c h a m b e r  exi t  v e l o c i t i e s  

~ a--L- ~ and aa 
ach ach ach ach 

as func t ions  of  the  u p s t r e a m  c h a r a c t e r i s t i c  va lue  f r o m  the  p r o j e c t i l e  
pa th  to the  c h a m b e r  exi t ,  

( ~ )  ~, 
~'ch 

m u 

~o. (~) ~ ~  ac.h ach 

Graphs of these functions, (Figs. 7a, b, c, and d) permit deter- 
mination of the change in the characteristics as they cross the chamber 
exit. Flow from the chamber is limited by sonic conditions at the exit, 
i. e., u, = a,. Setting this limit and solving the preceeding equations, the 
limit chamber exit acoustic velocity, a,L, is given by: 

A~ y - I ~ ~ -ach  2 ( y  - I ) 
~ _ - - ~ ( . , ~  - , )  ( H - , )  ~ ,.,,. , 

f r o m  wh ich  the  r e m a i n i n g  v e l o c i t i e s .  UlL, U2L , and a~L , a r e  d e t e r m i n e d .  

The  e f fec t  of  c h a m b r a g e  on p r o j e c t i l e  v e l o c i t y  is i l l u s t r a t e d  in the  
way the  l i m i t  of  the  d o w n s t r e a m  c h a r a c t e r i s t i c  va lue  (~_~_L Y2 + ~2 ) 

v a r i e s  wi th  a r e a  r a t i o ,  AI A--'~-" If t he  c h a m b e r  is i n f i n i t e l y  long,  ~c~ = 1 ; 
t h e n  the  u l t i m a t e  v e l o c i t y  is g iven  by the  cond i t i on  tha t  ~p -- u 

(~) ~+ ~ (~')~+ ~ 

Urea x = U2L 

If there is no chambrage 

Compared to 

Umax--(~2 i)ac = 3.03 a c (y -- 1.55) 

.o.. -- ~.~ ( - ~ )  ~o _- ~.~ ~o 

o r  about  10 p e r c e n t  i n c r e a s e  fo r  A--L = 4. 
A~ 

( ) ,  = 1 . 6 6 )  (Fig. 7a) 
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When  the  c h a m b e r  has  a f in i te  l eng th ,  ~ch is  1 .0  unt i l  t he  f i r s t  r e -  
f l e c t e d  c h a r a c t e r i s t i c  r e a c h e s  the  exi t  a f t e r  w h i c h  t i m e  it d r o p s  wi th  the  
p r e s s u r e  ~t t he  b r e e c h  end of the  c h a m b e r .  

GENERAL CHARACTERISTICS SOLUTION FOR CHAMBERED .GUNS 

STARTING POINT-INITIAL POINT ON THE PROJECTILE PATH 

In the  e a r l y  s t a g e s  of p r o j e c t i l e  mot ion ,  i ts  v e l o c i t y  is  s m a l l ,  and 
the  p r e s s u r e  ac t ing  on i ts  b a s e  m a y  be a s s u m e d  equa l  to tha t  at the  c h a m -  
b e r  exi t .  In the  fo l lowing,  the  l aunch  tube ahead  of the  p r o j e c t i l e  is 
a s s u m e d  e v a c u a t e d .  F i g u r e  7c shows  the  r e l a t i o n  b e t w e e n  ~2 and ~2 s i n c e  
~c ffi 1 at the  e a r l y  t i m e  po in t s .  G r a p h i c a l  i n t e g r a t i o n  y i e l d s  the  c o o r d i -  

n a t e s  of t he  f i r s t  point :  

ip P2 (~2) y- I 

= P / ____- L = -[p 
Jo 2y 

" o  

N u m e r i c a l  c o m p u t a t i o n s  i n d i c a t e  tha t  the  a s s u m p t i o n ,  ~2 = ~p, i n t r o d u c e s  
negl ' ig ib le  e r r o r  fo r  ~p _< 0.3. Beyond  th i s  point ,  c h a r a c t e r i s t i c s  m e t h o d s  

of the  fo l lowing  s e c t i o n s  a r e  used .  

S ince  ~ and ~ a r e  p r a c t i c a l l y  c o n s t a n t  b e t w e e n  the  p r o j e c t i l e  and exit ,  
t h e  u p s t r e a m  c h a r a c t e r i s t i c  is a s t r a i g h t  l i n e  wi th  the  s lope ,  ~p - ~p. 

At  t h e  exi t  point ,  E : 

m 

t 

E 

IJ ~f 

Y 
0 3 

S E  ffi 0 

~Z - - ~=--- ~ Up - -  ap 

EE = ~p and ~E = ~p 
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GENERAL NET INTERSECTION POINT 

In bu i ld ing  up the  c h a r a c t e r i s t i c s  n e t w o r k ,  new point ,  C, wil l  be r e -  
qu i r ed ,  which  l i e s  at the  i n t e r s e c t i o n  of a d o w n s t r e a m  c h a r a c t e r i s t i c  
f r o m  point ,  A, and an u p s t r e a m  c h a r a c t e r i s t i c  f r o m  point ,  B. 

' \ c  

oowo.tr_ I c  .r-ctor,st c--I  \ 
~ \  C h a r a c t e r i s t i c  

m 

S 

( ~ )  ~ -  ~ =  ( ~ }  ~ . -  ~. 

and the  l oca l  s l o p e s  a r e  

Yc + ~c c o r r e s p o n d i n g  to t he  d o w n s t r e a m  c h a r a c t e r i s t i c  

~c  - ~c  c o r r e s p o n d i n g  to the  u p s t r e a m  c h a r a c t e r i s t i c  

The  f i r s t  two equa t ions  a r e  s o l v e d  fo r  ~c and ~c: 

~c = ~- ~A + ~A - ~B - 

Th e  c o o r d i n a t e s  of  the  point .  C. a r e  d e t e r m i n e d  by e x t e n d i n g  the  down-  
s t r e a m  c h a r a c t e r i s t i c  at  the  m e a n  s l o p e  

I (~A + ~A + ~C + ~C) 
2 

and  the  u p s t r e a m  c h a r a c t e r i s t i c  at the  m e a n  s l o p e  

(~B - ~R + ~c - ~c) 2 

Solving the following equations simultaneously: 

~c - iA = 2 

and 

~ c  - ~}:J = 21-----(~B - ~B + ~c  - ~ c ) ( ' i c  - ~ B )  
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The coord ina te s  in the 

and 

~C = 

- ~ plane a r e  found to be: 

2(~B - ~ A )  + ~ A ( ~ A  + ~A + ~'C + ~C) - - ~ B ( ~  - ~B + ~C - ~C) 

c = ~A + ~ ( ~ A  + ~A + ~C + ~C) CiC - ~ A )  

POINTS ON THE PROJECTILE PATH 

In this  case ,  a point,  A, on a downs t r eam c h a r a c t e r i s t i c  and a p r e -  
ceding point,  B, on the p r o j e c t i l e  path wil l  be known. The next  point,  C, 
on the  

m 

t 
\ 

" ~ ~ "  " ~ - P r o j e c t i l e  Pa th  

s 

p r o j e c t i l e  path is  to  be de t e rmined .  A method of s u c c e s s i v e  approx i -  
ma t ions  mus t  be adopted (Ref. 3). Fo r  the gene ra l  nth approx imat ion ,  
the  mean  s lopes  of the c h a r a c t e r i s t i c  and the  p r o j e c t i l e  path a r e  given by: 

(d~)_~_t + = a(n) = 21 [~A+ ~A+ ~C (n-l) + ~C (n-l)] 

( d ; )  = ,8(n)--- ~ [~B + ~C ( n - l ) ]  
"-/~" p 2 

The c o r r e s p o n d i n g  app rox ima te  coord ina te  and ve loc i t i e s  a re  given by: 

Xc (n) = ;e -~A + "(n)~A - '8(n)XB 
, ,  (.) - / 3  ( n )  

2y 2), } 
~C (n) - uB + 21--~{(aB)y-1 + [~C ( n - ] ) ] ~  [~C (n)- ' tB] 

ac (n) = ~A + (-~--~)[~A - ~C (n) 1" 
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T h e  f i r s t  a p p r o x i m a t i o n  i s  m a d e  b y  a s s u m i n g  t h e  s l o p e s  a t  C a r e  t h e  
s a m e  a s  a t  A a n d  B.  T h a t  i s  

a (I) = GA + ~A 

# (i)= ~B 

"EC(1) = ~s - WA + (~A + ~A)'~A -- ~n'~S 
~A + WA - ~'S 

2y 
P 

WC(1)= WB + (aB) y - 1  LT C (1) - ' tB]. 

~c (1)= .~A + ( - ~ ) [ ~ A -  ~C (i)]  

T h i s  s y s t e m  c o n v e r g e s  s a t i s f a c t o r i l y  in  t h r e e  t o  f i v e  s t e p s  a n d  p e r m i t s  
c a l c u l a t i o n  o f  t h e  r e m a i n i n g  c o o r d i n a t e , ~ c :  

C = ~B + + (~B + ~C)  ("£C - ' t B )  

POINTS AT THE BREECH END OF CHAMBER 

The velocity, ~, vanishes at the wall resulting in the following: 

~ch = Downstream characteristic value and slope, d~/dT 

-~ch = Upstream characteristic value and slope 

A point. A, will be known in an upstream characteristic having the value 

+,- 

then and the point. B, of the breech end will be given by: 

+, 

wn. Chan 

~ Up Char. 
~-~-~ ch 

0 B 

i B  = - X'ch 

~ B  = ~ A  - 

~'B = 0 

~A - ~A - ~n 
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PROCEDURE FOR DETERMINING FLOW THROUGH THE EXIT 

In g e n e r a l  a point ,  A, on the  d o w n s t r e a m  c h a r a c t e r i s t i c  in the  c h a m -  
b e r  and a d o w n s t r e a m  c h a r a c t e r i s t i c ,  a, b, c. d, in the  l aunch  tube  a r e  
known.  Th i s  is i l l u s t r a t e d  be low:  

t 

Chamber 

~ Z 

abcd 

Launch  Tube 

0 
S 

At the unknown point, C, C, corresponds to the conditions upstream 
and C~ downstream at the chamber exit. Since the point, B, is not 
known, it will be necessary to use a graphical method. A series of 
values for ~ at C are assumed slightly greater than ~A from which 
corresponding times, ~c, are determined: 

(I) 2 ~ 
Tc = ~A - 

WA + WA + ~ c  + "~c 

(2) D e t e r m i n e  t he  u p s t r e a m  c h a r a c t e r i s t i c  (~I) ~-a-2 from 

Figs. 7aandd. ~--~-- is a func t ion  of ( Z _ ~ )  ~ ~ 
~ch ~ch ~ch 

asis (~-~)__~2 + [2 . Multiplyby ~ch toobtain 
ach ach 

W2- ~2 and (Z~:-~) ~ + ~2; solve for ~ and ~. 

(3) On the  "[ - ~ p lane ,  u p s t r e a m  c h a r a c t e r i s t i c s  a r r i v i n g  at C 

a r e  shown be low:  

"t I / - U p s t r e a m  C h a r a c t e r i s t i c  
/ f o r  Assumed 

/ /  

ar , / / ~ - - -  ""  I ~ ~  7 D o w n s t r e a m  Char .  
Down. Ch ~ in Launch  Tube 

a ~ 

In C h a m b e r  

Exi t  
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(4) 

The slopes of upstream characteristics will be ~- (% - a- a + ~ _ ~) 

where ~ "and ~ are determined at the intersection with the down- 
stream characteristic, a, b, c, d. Along this characteristic 

(~-'D 7+ ~= const. = (~_!) ~a + ~a ,  and for the assumed up- 

s t r e a m  c h a r a c t e r i s t i c s  ( Z ~ . ! )  ~ _ ~ =  const. = ( ~ - - [ )  W, - a- a • 

and  ~ at t h e  i n t e r s e c t i o n s ,  a ,  ~ ,  and  y ,  of  t h e  c h a r a c t e r i s t i c s  
m a y  n ow be  s o l v e d  f o r  by  a d d i n g  and  s u b t r a c t i n g  t h e  t w o  s i m u l -  
t a n e o u s  e q u a t i o n s .  

P l o t  u p s t r e a m  c h a r a c t e r i s t i c  v a l u e  ( ~ - ! )  ~ _ ~  vs 

f o r  t h e  i n t e r s e c t i o n  p o i n t s  a b o v e  and  f o r  tl~e k n o w n  p o i n t s ,  
a, b, c, d, a l o n g  t h e  k n o w n  d o w n s t r e a m  c h a r a c t e r i s t i c :  

- - ~ U  - a 

d A s s u m e d  U p s t r e a m  C h a r .  

Known  D o w n s t r e a m  C h a r .  

s 

At t h e  i n t e r s e c t i o n  r e a d  (~__! )  ~z - a-~ ; f r o m  ( ~ - ~ )  

find ~-ac from Fig. 7d; compute ~,, ~,= ~ c h -  (F~2 I) 

as was done for the assumed values of gt • 

% % 
~ch ~ch 

u- L , and ~c 

(s) 
- _ 

F r o m  F i g .  7a f ind  -_2 + a, and  c o m p u t e  ~ 
aeh ach 

~ a nd  a-z a r e  t h e n  d e t e r m i n e d  at  t h e  po in t ,  C ,  on  t h e  d o w n -  
s t r e a m  c h a m b e r  e x i t  c h a r a c t e r i s t i c .  

+a-2.  

F;ow through Exit Prior to Arrival of First Reflected Characteristic 
(or the Special Case of the Infinitely Long Chamber) 

Unt i l  t h e  f i r s t  r e f l e c t e d  c h a r a c t e r i s t i c  r e a c h e s  t h e  c h a m b e r  ex i t ,  

the chamber downstream characteristic value (Z_~/) ~+~= 1 = ~ch. 

procedure is considerably simplified because the solution is obtained 
directly from Fig. 7a without successive trials. A point, B, wiU be 

T h e  
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known at  wh ich  the  u p s t r e a m  c h a r a c t e r i s t i c ,  ( ~ _ ! )  ~ B -  ~B, 
d e t e r m i n e d .  

1 st  Ref l .  C h a ~  

ro j .  P a t h  

h a s  b e e n  

The value of (~J-2 I) ~ - a-~ is the same as~2 -=)'~-I' ~B- ~B, and~--)~ +/v-l' 

is found from Fig. 7a, from which ~z and ~ are computed. Figure 7d 

g i v e s  the  va lue  of ~ and ~ , = 1 -  ( ~ _ ! )  ~t. Along the  u p s t r e a m  c h a r -  

a c t e r i s t i c  (1 ) -C  in the  c h a m b e r ,  ~ = ~t and ~ = ~, .  The  l a u n c h  tube  
c h a r a c t e r i s t i c  can  t hen  be con t inued  d o w n s t r e a m  f r o m  the  c h a m b e r  to t he  
p r o j e c t i l e  pa th  by p r e v i o u s l y  d i s c u s s e d  p r o c e d u r e s .  The  u p s t r e a m  c h a r -  
a c t e r i s t i c  in  the  c h a m b e r  is  s t r a i g h t  unt i l  i n t e r s e c t i o n  wi th  the  f i r s t  
r e f l e c t e d  c h a r a c t e r i s t i c .  

PATH OF THE FIRST REFLECTED CHARACTERISTIC IN CHAMBER 

T h r o u g h o u t  the  c h a m b e r  r eg ion ,  bounded  by the  f i r s t  r e f l e c t e d  c h a r -  
a c t e r i s t i c ,  t he  fo l lowing  cond i t i ons  ob ta in :  

(1) The  u p s t r e a m  c h a r a c t e r i s t i c s  a r e  s t r a i g h t  l i n e s  a long  wh ich  
and x a r e  c o n s t a n t .  The  s lope  i s  g~ - ~ .  

(2) The  d o w n s t r e a m  c h a r a c t e r i s t i c s  a r e  g iven  by (Z~_!) ~ + ~ = 1. 

tch = 

_ - 0 

Sch = " Xch 

The  s lope  of the  f i r s t  u p s t r e a m  c h a r a c t e r i s t i c  is  -1 s i n c e  ~ -- 0 t h e r e f o r e  

"[ch = 'Xch 

~--0 

~ch -- 1.0 

2 5  
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T h e  r e f l e c t e d  c h a r a c t e r i s t i c  can  be  c o m p l e t e d  as o u t l i n e d  fo r  t he  g e n e r a l  
n e t  i n t e r s e c t i o n  po in t  wi th  the  fo l lowing  s i m p l i f i c a t i o n s :  

~c = ~B I at the  c h a m b e r  exi t  BI 

~c = ~B J 

Computation Forms 

F i g u r e  8 s h o w s  c o m p u t a t i o n  f o r m s  tha t  w e r e  found to be c o n v e n i e n t  
in m a k i n g  the  p r e c e d i n g  c a l c u l a t i o n s .  F i g u r e  8a was  u s e d  for  I n t e r i o r  
Net  P o i n t s ,  8b fo r  P r o j e c t i l e  P a t h  P o i n t s ,  and 8c fo r  C h a m b e r  Exi t  
P o i n t s .  Us ing  a d e s k  c a l c u l a t o r ,  50 h o u r s  on the  a v e r a g e  was  r e q u i r e d  
to c o m p l e t e  a so lu t ion .  

RESULTS OF CHARACTERISTICS CALCULATIONS 
FOR FINITE CHAMBER VOLUME - y = i.66 

Using  the  m e t h o d s  of t he  p r e c e d i n g  s e c t i o n s ,  c a l c u l a t i o n s  w e r e  c a r -  
r i e d  out f o r  h e l i u m  (y -  1.55) as  a p r o p e l l a n t .  The  fo l lowing  t a b l e  g i v e s  
t h e  g e o m e t r i c a l  v a r i a b l e s  c o n s i d e r e d :  

Chambrage, At/A2 

I 

4 

CIQ 

T h e  in f in i t e  c h a m b e r  l e n g t h  c a s e  for  
t i on  g i v e n  in t he  f i r s t  s e c t i o n  (Fig .  2). 

F i g u r e  9 is a t yp i ca l  c h a r a c t e r i s t i c s  net ;  A./A~ = 4 and ~ch = 0.5. 
The  c o o r d i n a t e s  a r e  d i m e n s i o n l e s s  t i m e  and d i s t a n c e :  

w h e r e  

Chamber Length, Xch 

0.5, 1.0, 2.0, 4.0 

0.125, 0.25, 0.5, 

Any 

A,/A~ = 1 is  the  c l o s e d  f o r m  s o l u -  

~- = Pc At. t a n d  i = Pc AL s 
m M a c m M a c  2 

In i t i a l  c h a m b e r  p r e s s u r e  

In i t i a l  c h a m b e r  a c o u s t i c  s p e e d  

L a u n c h  tube  a r e a  

P r o j e c t i l e  m a s s  

P c  m 

a C 

A L  = 

m M -- 
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In F ig s .  10 and 11, t he  d i m e n s i o n l e s s  v e l o c i t y  and t i m e  a r e  shown  as 
func t ions  of  d i m e n s i o n l e s s  d i s t a n c e  fo r  t he  c a s e s  c a l c u l a t e d .  ~ is d e -  
f ined  as ,M/ac. The  r e f e r e n c e  so lu t i on  fo r  no c h a m b r a g e  and in f in i t e  
c h a m b e r  l e n g t h  is i n c l u d e d  b e c a u s e  it p r o v i d e s  a c o n v e n i e n t  b a s i s  fo r  
n o r m a l i z i n g .  I t  is i n t e r e s t i n g  to o b s e r v e  tha t  the  c o m p e n s a t i n g  e f f ec t s  
of  c h a m b r a g e  and c h a m b e r  l e n g t h  r e s u l t  in n e a r l y  the  s a m e  v e l o c i t y  and 

t i m e  fo r  equa l  c h a m b e r  v o l u m e s .  

In Fig .  12 the  above  o b s e r v a t i o n  is u s e d  to p r o v i d e  a c o n v e n i e n t  
s u m m a r y  of the  r e s u l t s  of the  c h a r a c t e r i s t i c s  c a l c u l a t i o n s .  H e r e  the 
v e l o c i t y  is  n o r m a l i z e d  to the  r e f e r e n c e  c a s e  (A,/A2 = 1, xch -+ ~ )  and 
p lo t t ed  aga in s t  v o l u m e  of the  c h a m b e r  to v o l u m e  of the  l a u n c h  tube  f o r  
c o n s t a n t  v a l u e s  of l aunch  tube  l eng th ,  ~. It wil l  be  no ted  tha t  l a r g e r  
c h a m b e r  v o l u m e s  a r e  r e q u i r e d  fo r  s m a l l e r  ~. Th i s  is u n d e r s t a n d a b l e  
when  it is c o n s i d e r e d  that  s m a l l  ~ is a s s o c i a t e d  wi th  l a r g e  a c o u s t i c  
s p e e d  and  t h e r e f o r e  r a p i d  c o m m u n i c a t i o n  of the  d e c a y i n g  c h a m b e r  p r e s -  
s u r e  to the  p r o j e c t i l e  b a s e .  The  a p p a r e n t l y  a n o m a l o u s  r e s u l t s  of c e r t a i n  
e x p e r i m e n t a l  l a u n c h i n g s  with co ld  and  hot p r o p e l l a n t s  a r e  t h e r e b y  ex-  
p l a ined .  F o r  i n s t a n c e ,  in Ref.  6 v e r y  good c o r r e l a t i o n  of l a u n c h  v e l o c i t y  
with c h a m b r a g e  was ob t a ined  u s i n g  co ld  n i t r o g e n  as a p r o p e l l a n t .  In 
Ref. 5, h o w e v e r ,  C h a r t e r s  o b s e r v e s  that  in h igh  t e m p e r a t u r e  h e l i u m  the  
v e l o c i t y  o b s e r v e d  was  b e s t  p r e d i c t e d  by the  n o - c h a m b r a g e  r e f e r e n c e  
f o r m u l a .  S i m i l a r  r e s u l t s  have  b e e n  no ted  (Ref. 7) at  AEDC fo r  a ll,-O,-lle 
c o m b u s t i o n - h e a t e d  l a u n c h e r ,  wh ich  ha s  a l so  b e e n  o p e r a t e d  wi th  co ld  
h e l i u m .  In t h e s e  l a t t e r  c a s e s ,  t he  e f f ec t s  of c h a m b r a g e  and f in i t e  c h a m -  
b e r  v o l u m e  a p p r o x i m a t e l y  c o m p e n s a t e  in the  hot f i r i n g s  ( i  = 4 - 10), and 
in the  co ld  l a u n c h i n g s  (~ = 20 - 40) the  c h a m b r a g e  a f fec t s  the  v e l o c i t y  

f avo rab ly .  

A c r i t e r i o n  for  s e l e c t i n g  the  v o l u m e  of a c h a m b e r  for  a g iven  l aunch  
tube  is c o n s i d e r e d  in Ref.  2, wh ich  is t he  a r r i v a l  of the  f i r s t  r e f l e c t e d  
c h a r a c t e r i s t i c  at the  end  of the  l a u n c h  tube .  Th i s  l e a d s  to e x c e s s i v e l y  
long  c h a m b e r s  (F ig .  10) - -  f r o m  o n e - f i f t h  to o n e - h a l f  t he  l aunch  tube  
l eng th .  It  is s u g g e s t e d  tha t  a r e a s o n a b l e  c r i t e r i o n  m i g h t  be d e r i v e d  f r o m  
Fig .  12 as t he  c h a m b e r  v o l u m e  r e q u i r e d  to  ob ta in  the  r e f e r e n c e  v e l o c i t y ,  
~o (A,/A, -- 1, ~ch ~ ~) .  I n t h i s  c a s e t h e  c h a m b e r  v o l u m e  wil l  be b e t w e e n  0.1 
and 0 .4  of the  l a u n c h  tube v o l u m e  c o r r e s p o n d i n g  to ~ b e t w e e n  3 and 20, 
w h i c h  is  a p p r o p r i a t e  for  l i g h t - g a s  l a u n c h e r s  of h igh  p e r f o r m a n c e .  F i g -  
u r e  13 shows  th i s  in s i m p l e  f o r m .  It wil l  be  no ted  tha t  a l a r g e r  v o l u m e  
wi l l  be  r e q u i r e d  wi th  c h a m b r a g e ;  h o w e v e r ,  t he  c h a m b e r  wi l l  be  s h o r t e r .  
Such a c o n f i g u r a t i o n  is  u sua l ly  m o r e  c o n v e n i e n t  and, in addi t ion ,  t he  
s u r f a c e - t o - v o l u m e  r a t i o  is  m o r e  f a v o r a b l e  wi th  r e s p e c t  to hea t  l o s s e s .  
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CONCLUSIONS 

A c h a r a c t e r i s t i c s  method  is  out l ined for  an ideal  p rope l l an t  by which 
the p e r f o r m a n c e  of a model  l a u n c h e r  can be computed.  Both c h a m b r a g e  
and f in i te  c h a m b e r  l eng th  a r e  included.  D i m e n s i o n l e s s  t i m e - d i s t a n c e -  
ve loc i ty  r e s u l t s  a r e  p r e s e n t e d  for  c h a m b r a g e  a r e a  r a t i o s  of 1, 4, and 
and for  s e v e r a l  c h a m b e r  l eng ths  app l icab le  to he l ium as a p rope l l an t .  

The r e s u l t s  a r e  s u m m a r i z e d  to show the effect  of f in i te  c h a m b e r  
g e o m e t r y  on launch  ve loc i ty .  The volume of the c h a m b e r  r e q u i r e d  for  a 
g iven  l aunch  tube is p r e s e n t e d .  The inf luence  of f in i te  c h a m b e r  volume 
is  p a r t i c u l a r l y  impor t an t  in the des ign  of t w o - s t a g e  l a u n c h e r s  where  the 
volume a f t e r  c o m p r e s s i o n  m a y  be v e r y  s m a l l  and t h e r e f o r e  a d v e r s e l y  
affect  p e r f o r m a n c e .  
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